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Materials and Methods
Samples. Boric acid (99% purity), sodium hydroxide (99.5%), 2-(Nmorpholino)ethanesulfonic acid (MES, >99.5% purity), tyrosine (99.9% purity), and tryptophan (≥98% purity) were purchased from Sigma (St. Louis, MO). Peptides were synthesized by solidstate synthesis and were purchased from Genscript (Piscataway, NJ; >95% purity). The sequences of peptides employed in this study are shown in Figure S1 , including Peptide A, Peptide M, Peptide MW, Peptide W, and Peptide WA14.
Effect of pH. In this paper, peptide experiments were conducted at pH 9 and 11. The pK a of tyrosine is 10. 1 Therefore, in experiments conducted at pH 9, tyrosine is expected to be primarily in the neutral (YH) state. The amino terminus will also titrate in this pH range. The terminal NH 2 -group has a pK a of 9.3 and will be ~50% protonated at pH 9, but unprotonated at pH 11. 1 The carboxy terminus is negatively charged at pH 9 and pH 11. Histidine has a pK a of 6 2-3 and will be unprotonated in the singlet state of all the peptides at pH 9 and 11. The tryptophan indole side chain does not titrate in this pH range.
UV-Visible (UV-Vis) spectroscopy. Optical absorption spectra were recorded on a Shimadzu (Columbia, MD) UV-1700 spectrometer at room temperature. The slit width and spectral resolution were 1 nm. 4 Circular dichroism (CD) spectroscopy. CD spectra were acquired on a Jasco J-810 CD Experiments were conducted on at least two different samples.
Fluorescence spectroscopy. Fluorescence spectra were recorded at room temperature on a Shimadzu (Columbia, MD) RF-5301PC fluorimeter in 1 cm cuvettes. Samples were excited at 266 nm with an excitation and emission slit width of 3 cm; the sampling interval was 1 nm.
Emission spectra were recorded from 280 to 450 nm; experiments were conducted in triplicate.
Transient absorption spectroscopy (TRAS). TRAS data were acquired with a pump−white-light-continuum probe spectroscopy system (HELIOS, Ultrafast Systems, Sarasota, FL) using procedures previously described. [5] [6] The 280-nm photolysis pulse was generated using Figure S5 .
NMR structural analysis was conducted by methods previously described. 2, 4 A total of 125 ROEs consisting of 66 inter-and 59 intra-residues, and 154 ROEs, 74 inter-and 80 intra-S6 residues, respectively for Peptide MW and Peptide W, were used for structure calculations. The complete resonance assignment is reported in Table S2 and Table S3 . Table S4 includes measured coupling constants for Pep W and Pep MW. Peak volumes were classified as strong, medium and weak corresponding to distance restraints of 1.8-2.9, 1.8-3.6 and 1.8-6.0 Å, respectively. For residues showing 3 J NH-H α > 8.0 Hz angles were restricted to a range of -160 to -80 degrees. For both peptides, structural ensembles were calculated starting from extended structure and minimized using a hybrid simulated annealing (SA) protocol present in XPLOR-NIH package. 50 conformers were generated using an initial temperature of 1000K with 50000 high temperature steps and 6000 cooling steps. Generated conformers were minimized by introducing Lennard-Jones potential, van der Waals, and electrostatic interactions using an initial temperature T i of 1000K with 45000 cooling steps. The 20 lowest energy conformers with no NOE violations greater than 0.5 Å, no bond violations greater than 0.05 Å, and no bond violation greater than 4°, were selected for further analysis and reported in Figure S2 .
Molecular dynamics (MD) simulations. MD simulations were conducted by methods previously described. 7 Briefly, the starting states of the peptides were based upon the NMR structure. The N-terminus was acetylated and neutral, and the C-terminus was amidated and neutral in the simulations. All simulations utilize the CHARMM36 force field for proteins. 8 Parameters for the tyrosyl radical were determined by us previously. 7 Simulations were carried out with NAMD 9 at 300 K and 1 atm, maintained using Langevin dynamics and the Langevin piston methods, respectively. A 2-fs time step was used with bonded and short-range nonbonded interactions calculated every time step. Long-range interactions were calculated every two time steps using the particle-mesh Ewald (PME) method. 10 The long-range cutoff was 12 Å with a switching function beginning at 10 Å. System setup and analysis were done using S7 VMD. 11 For Peptide M, MW, and W, simulations were conducted for the tyrosine charge state represented at pH 9.0 (YW). For Peptide M, simulations were also conducted in the tyrosine charge stategenerated at pH 11 (Y -W). Replica-Exchange with Solute Tempering (REST2) simulations [12] [13] were also run for 100 ns each for Peptide M, MW, and W. A total of 12 replicas covering a temperature range from 300 K to 600 K were used with exchange rates of 20-40%.
All analysis and plots presented are for the lowest temperature replica only.
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TRAS derived from tyrosine, tryptophan, and tyrosine-tryptophan mixtures, and pH dependence of TRAS data derived from tryptophan and Peptide M
When compared to tryptophan, TRAS obtained from tyrosine at pH 9 exhibit no significant intensity at 340-360 nm and reduced signal intensity in the rest of the visible region ( Figure S12 ). Kinetic data obtained from tyrosine are shown in Figure S13B and are compared to data acquired from tryptophan ( Figure S13A ). There is no significant contribution to the decay kinetics when wavelengths in the 345-360 nm region are probed in tyrosine. As expected if the tyrosine contribution is less intense compared to tryptophan, fits to the tryptophan-tyrosine mixture data (Table S5 ) are similar to fits derived from tryptophan alone. TRAS were also acquired from tryptophan solutions at pH 11 ( Figure S14 ). At this pH, the amino group is not protonated, and the photoproduct is not formed. This is confirmed by the spectra presented in Figure S14A . Note that the observation of the 580 nm band at pH 11 provides support for assignment of this band to tryptophan S 1 excited state. Also, the 450 nm band is diminished in amplitude relative to the 580 nm band at pH 11 (Table S6 and Figure S14A ). Figure S15 compares kinetic data derived from tryptophan and Peptide M at pH 11. The decay of spectral components in Peptide M is accelerated at all monitored wavelengths, when compared to tryptophan at this pH. Figure S1 . The charge state is YW, corresponding to pH 9. (D) Distances in the REST2 runs. We note that replica-exchange trajectories are not guaranteed to be continuous in time, but they do sample from the canonical ensemble. Figure S8 . Results of MD simulations of Peptide M at pH 11. In (I), time evolution of secondary-structure assignment per residue, in (II), the distance between the side-chain oxygen of Y5 and side-chain nitrogen of W14 for four runs, and in (III), snapshots of structures. The legend at the bottom of (I) uses DSSP classification in which T is β turn, E is β sheet, B is β bridge, H is α helix, G is 3 10 helix, I is π helix, and C is unstructured coil. The charge state of the dyad is Y-W, in which the tyrosinate side chain is negatively charged, as expected at pH 11. S28 Figure S9 . UV spectra of amino acids and peptides (I, II, III) and hypochromic effect in peptides (IV). Samples in (I-IV): a 1:1 mixture of tyrosine and tryptophan (orange), Peptide M (purple), Peptide MW (black), tryptophan (green), Peptide W (teal), and Peptide WA14 (yellow). In III, traces from I are replicated and normalized by the extinction coefficient at 266 nm (in IV) to highlight the red-shifted UV spectrum of Peptide M and Peptide MW. In (IV), determination of 266 nm extinction coefficients. The buffer contained 5 mM borate, pH 9. Error bars represent the standard deviation of three replicate measurements. The data were averaged from at least two independent measurements. The averaged data were normalized with respect to the maximum absorbance, which occurred at 2-3 ps. Fitting parameters are presented in Table  S5 . Selected data are reproduced in the main text figure ( Figure 6 ) on a semi-logarithm plot. Analyte concentration, 1 mM; buffer, 5 mM borate-NaOH. Figure S12 . TRAS of (A) tryptophan and (B) tyrosine at pH 9 after UV photolysis. Spectra were obtained at 3 (black), 15 (blue), 33 (green), 513 (orange), 1033 (purple), 2033 (pink) ps. The spectra in (A) and (B) are plotted on the same scale. The spectra were averaged from at least three independent measurements. Analyte concentration, 1 mM; buffer, 5 mM borate-NaOH. Figure S12A is repeated from main text, and Figure S12B was reported in ref 5. Figure S13 . Decay kinetics obtained from TRAS of amino acids after UV photolysis. Data were acquired from (A) tryptophan and (B) tyrosine at pH 9. Spectra were monitored at selected wavelengths; 345 nm (black circles), 410 nm (red squares), 460 nm (green triangles), 520 nm (blue triangles), 580 nm (purple diamonds) and 650 nm (cyan diamonds). Bi-exponential fits (starting from 3 ps) are superimposed as solid lines, and the open symbols at the bottom of each panel are the corresponding residuals. The data were averaged from at least two independent measurements. The averaged data were normalized with respect to the maximum absorbance, which occurred at 2-3 ps. Fitting parameters for (A) are presented in Table S5 . Analyte concentration, 1 mM; buffer, 5 mM borate-NaOH. The spectra were averaged from at least three independent measurements. Analyte concentration, 1 mM; buffer, 5 mM borate-NaOH. S36 Figure S15 . Decay kinetics obtained from TRAS of amino acid and beta hairpins after UV photolysis at pH 11. Data were acquired from (A) tryptophan and (B) Peptide M. Spectra were monitored at selected wavelengths; 345 nm (black circles), 410 nm (red squares), 460 nm (green triangles), 520 nm (blue triangles), 580 nm (purple diamonds) and 650 nm (cyan diamonds). Biexponential fits (starting from 3 ps) are superimposed as solid lines (Table S6) , and the open symbols at the bottom of each panel are the corresponding residuals. The data were averaged from at least two independent measurements. The averaged data were normalized with respect to the maximum absorbance, which occurred at ∼ 2-3 ps. Analyte concentration, 1 mM; buffer, 5 mM borate-NaOH. Figure S17 . UV-Vis absorption spectra recorded before (solid) and after (dashed) UV photolysis at 160 K (EPR experiment). In (A), spectra were acquired from an equimolar mixture of tryptophan and tyrosine and in (B), spectra were acquired from Peptide M. Note the scale change on the y axis and see Figure S9 for the magnitude of the hypochromic effect in Peptide M. The buffer contained 5 mM borate, pH 9, and the spectra were acquired at room temperature. S39 Figure S18 . In (I), EPR spectra derived from amino acid and beta hairpins after UV photolysis at 160 K and pH 9. Samples: (A) tyrosine, (B) a 1:1 molar mixture of tryptophan and tyrosine (orange), (C) Peptide M (purple), (D) Peptide MW (black), (E) tryptophan (green), (F) Peptide W (teal), and (G) Peptide WA14 (yellow). The concentration was 250 µM, as determined gravimetrically. Tick marks denote 500 intensity units. The asterisk marks a spectral artifact S40 from the quartz EPR tube. The inset shows an overlay of the spectra of Peptide M (C) and the 1:1 mixture (B); the inset spectra have been arbitrarily scaled to facilitate comparison. The arrows in I emphasize a difference in overall hyperfine coupling between neutral tyrosyl and tryptophan radicals. In (II), EPR amplitude at 3336 G (minus the zero offset at 3315 G) as a function of measured 266 nm absorbance, after a 1 to 10 dilution, at pH 9. Samples: a 1:1 molar mixture of tryptophan and tyrosine (orange), tryptophan (green), Peptide W (teal), and Peptide WA14 (yellow).
Error bars represent the standard deviation of 3 replicate measurements. Figure S19 . The pH dependence of EPR spectra derived from UV photolysis of tryptophan at 160 K. In (A), the sample was pH 4.3, 5 mM acetate with spectra representing a mixture of the protonated WH• + and neutral W• radicals, in (B), the sample was pH 9.0, 5 mM borate with spectra representing the neutral W• radical, and in (C), the sample was pH 11.0, 5 mM borate with spectra representing the neutral W• radical and a superimposed, narrow radical. In (D), UV photolysis of tryptophan was performed at 160 K and pH 9. The sample was then warmed to 200 K, and additional spectra were acquired. Most of the signal amplitude is retained, but a narrow signal at g=2 loses intensity with warming. The concentration was 250 μM. Tick marks denote 500 intensity units. The asterisk marks a spectral artifact from the quartz EPR tube.
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